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ABSTRACT
Self-consistent N-body simulations have been performed in order to study the
effects of a central active galactic nucleus (AGN) on the dark matter profile
of a typical giant elliptical galaxy. In our analysis, we assume that periodic
bipolar outbursts from a central AGN can induce harmonic oscillatory motions
on both sides of the gas core. Using realistic AGN properties, we find that the
motions of the gas core, driven by such feedback processes, can flatten the dark
matter and/or stellar profiles after 4-5 Gyr. Such results are consistent with
observational studies such as those of Kormendy et al. (2006) which suggest
that most giant elliptical galaxies have cores or “missing light” in their inner
part. Since stars behave as a “collisionless” fluid similar to dark matter, the
density profile both of stars and dark matter should be affected in a similar
way, leading to an effective reduction in the central brightness.
Key words: methods: numerical - galaxies: structure - galaxies: starburst
1 INTRODUCTION
The cold dark matter (CDM) paradigm (Cole et al. 2005
and references therein) has led to a successful expla-
nation of the large-scale structure in the galaxy distri-




power spectrum on these scales derived from large red-
shift surveys such as, for instance, the Anglo-Australian
2-degree Field Galaxy Redshift Survey (2dFGRS), is
also consistent with the Lyman-α forest data in the red-
shift range 2< z <4 (Croft et al. 2002).
In spite of these impressive successes, there are still
discrepancies between simulations and observations at
scales <∼ 1 Mpc. We may mention the large number of
sub-L∗ subhalos present in simulations but not observed
(Kauffmann, White & Guiderdoni 1993; Moore et al.
1999a; Klypin et al. 1999; but see Belokurov et al. 2006
for an observational update), and the excess of mas-
sive early-type galaxies undergoing “top-down” assem-
bly with high inferred specific star formation rates rel-
ative to predictions of the hierarchical scenario (Glaze-
brook et al. 2004; Cimatti et al. 2006). Here we examine
the sharp central density cusp predicted by simulations
in dark matter halos and not seen in the rotation curves
of low surface brightness galaxies (de Blok et al. 2001)
or in bright spiral galaxies (Palunas & Williams 2000;
Salucci & Burkert 2000; Gentile et al. 2004). Little at-
tention has been addressed to the corresponding situ-
ation in massive early-type galaxies, the focus of the
present analysis.
Navarro, Frenk & White (1996, 1997) showed that
the spherically-averaged density profiles of simulated
halos can be fitted by a simple analytical function, de-






This profile (dubbed the NFW-profile) is steeper than
that of an isothermal sphere at large radii and shallower
close to the center. Steeper profiles in the central regions
(α ∼ -1.5) have been found in high resolution simula-
tions (Moore et al. 1999b; Ghigna et al. 2000; Fukushige
& Makino 2001).
While the “universality” of density profiles of dark
halos is still a matter of debate, possibly depending on
the merger history (Klypin et al. 2001; Ricotti 2003;
Boylan-Kolchin & Ma 2004) or on the initial condi-
tions (Ascasibar et al. 2004), it could nevertheless be
an important key to understanding the mechanism(s)
by which these systems relax and attain equilibrium. In
a collisionless self-gravitating system, collective mech-
anisms such as violent relaxation and/or phase mixing
certainly play a major role in the relaxation of halos,
but density profiles may also be affected by gravita-
tional scattering of dark matter particles in substruc-
tures present inside halos (Ma & Bertschinger 2004).
In fact, recent numerical experiments indicate that this
diffusion process may alter significantly the inner den-
sity profile of halos, producing a flattening of the origi-
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nal profile within a few dynamical time scales (Ma &
Boylan-Kolchin 2004). The most detailed study (Ri-
cotti 2003) of N-body simulations at different scales con-
cluded that galaxies have shallower density profiles than
clusters.
Central cusps seen in simulations could also be un-
derstood as a consequence of the inflow of low-entropy
material and therefore contain information on the relic
entropy of dark matter particles. In fact, high resolution
simulations of galaxy-sized CDM halos indicate an in-
crease of the coarse-grained phase- space density Q (de-
fined as the ratio between the density and the cube of
1-D velocity dispersion in a given volume, e.g., Q = ρ/σ3
) towards the center (Taylor & Navarro 2001). Similar
results were obtained by Rasia, Tormen & Moscardini
(2003), who also obtained a power- law variation, e.g.,
Q ∝ r−β for cluster-size halos, with β quite close to the
value found by Taylor & Navarro (2001), namely, β ≈
1.87.
Several solutions have been proposed to explain
such discrepancies between observations and numerical
simulations. For example, the dark matter (DM) can be
“heated” by the baryons by dynamical friction due to
self-gravitating gas clouds orbiting near the center of
the galaxy (El-Zant et al. 2001), by the evolution of a
stellar bar (Weinberg & Katz 2002 ; Holley-Bockelmann,
Weinberg & Katz 2005; Sellwood 2006), by the radiation
recoil by a black hole (Merritt et al. 2004) or by ran-
dom bulk gas motions driven by supernovae feedback,
recently suggested by Mashchenko et al. 2006. Other
mecanisms have been proposed such as the the trans-
fer of angular momentum from baryonic to dark matter
(Tonini et al. 2006) or the expulsion of a large fraction
of the gas due to feedback activities, causing the dark
matter to expand (Gnedin and Zhao 2002).
Most of the previous studies consider the scales of
dwarf galaxies or those of galaxy clusters in order to
interpret the observed DM profiles in these objects. In
the present paper, we focus our attention on the scale of
a typical giant elliptical galaxy, and we investigate the
effects of a central AGN in its core. Similar but more ex-
treme feedback ideas have been proposed for disk galax-
ies such as the Milky Way, where massive early outflows
were invoked that resulted in homogenizing and heating
the inner dark halo (Binney, Gerhard and Silk 2001).
Black holes and associated AGN feedback are gen-
erally considered to be active in the centers of giant
galaxies. They must represent huge sources of energy
and therefore are thought to play a key role in the for-
mation of bright ellipticals (Silk & Rees 1998). They can
also be responsible for heating the gas core to regulate
the cooling flows in both elliptical galaxies (Best et al.
2006a) and brightest group and cluster galaxies (Dunn
& Fabian 2006, Best et al. 2006b). In the present work,
we assume that each AGN outburst can induce a bulk
motion to the gas core by energy transfer. We then ex-
plore the efficiency of this mechanism of gas core bulk
motions for flattening the central DM and stellar cusp.
This paper is organized as follow: in section 2, we de-
scribe our toy model, we present the results in section 3,
and in section 4, our main conclusions are summarized.
2 TOY MODEL
We first develop a toy model which consists of building
an N-body realization of an isolated, equilibrium model
galaxy. However to obtaining a very stable equilibrium
from such initial conditions is not trivial in practice.
One simple approach, intensively used in the past, con-
sists of applying the so-called local Maxwellian approx-
imation after solving the Jeans equation at each point
(see for instance Hernquist 1993). However, this method
can lead to unstable behavior (Kazantzidis, Magorrian
& Moore 2004). A more direct method uses the distri-
bution function (DF), which provides the relative prob-
ability of a star to have a certain position and veloc-
ity, and then use a Monte-Carlo sampling of the DF to
generate the N-body realization. Unfortunately, an an-
alytical expression of the DF exists only for very few
representative cosmological models .
Assuming spherical symmetry, we generate a spher-








where Mdm is the total mass of dark matter and a
the scale radius. In our fiducial model, we use Mdm =
1013 h−1M⊙ and a = 77.0 h
−1 kpc. For comparison, this
profile is identical in the inner parts to an NFW-profile
with virial radius r200 = 445 h
−1 kpc (r200 defines the
sphere within which the mean density is equal to 200
times the critical density) and scale radius rs = 44.5 h
−1
kpc respectively (see for instance relation 2 between a
and rs in Springel et al. 2005a). These 2 profiles are
compared in figure 1. The choice of using an Hernquist
profile is motivated by two main reasons. Firstly, the
density declines faster than an NFW-profile in the outer
parts of the halo. Thus, for an isolated halo, trunca-
tion at the virial radius is not needed. Furthermore, the
Hernquist profile has an analytical expression for both
the distribution function and the velocity dispersion
(Hernquist 1990), which is not the case for an NFW-
profile. By proceeding in this way, we try to minimize
undesirable effects which can lead to unstable equilib-
rium. Conventionally, the scale radius is given in term
of the concentration parameter c = rv/rs. For our fidu-
cial model, we use c = 10, in good agreement with val-
ues found in previous cosmological N-body simulations
(Bullock et al. 2001; Dolag et al. 2004).
The gas component follows a Hernquist profile as
well with a total gas massMgas constrained by the bary-
onic fraction fb =Mgas/(Mdm +Mgas). Its initial tem-
perature profile is chosen so that the gas is initially in
hydrostatic equilibrium.
To model the effects of the central AGN on the gas
component, we use a simple model. We first define a
gas core radius which limits the region affected by the
AGN activity. We assume its value to be 30 h−1 kpc
corresponding to less than 10% of the virial radius and
includes a few percent of the total mass of the system.
Then the gas core is split into 2 parts and due to peri-
odic AGN outbursts, each part has an independent har-
monical motion on opposite sides of the AGN. The fre-
c© 0000 RAS, MNRAS 000, 000–000

















Figure 1. DM density profile of our unperturbed model.
The dots are estimates of the density at 5h−1 Gyr while the
solid line is the expected Hernquist profile whose relevant
parameters are discussed in the text. For comparison, the
“equivalent” NFW-profile is also shown (dashed line).
quency and the amplitude of the oscillations depend on
the frequency of the AGN activity, on the energy tran-
fer between the AGN and the gas, and on the physical
properties of the gas (viscosity, temperature, local den-
sity, etc...). To simplify matters, we assume that i) the
frequency of the AGN emission matches the frequency
of the oscillations of the gas and ii) the amplitude of
motions of a specific model corresponds to a fractional
displacement of the scale radius.
3 RESULTS
We carry out each simulation with the public code
GADGET2 (Springel 2005b) where 5×105 dark matter
particles and 5× 105 gas particles have been used. The
value of the softening length is 1h−1 kpc for all exper-
iments and the baryonic fraction is taken to fb = 0.13.
Although the gas is supposed to have a central core, our
representation of a Hernquist profile will not affect our
results since the relevant parameter is the total mass of
the core gas. In our study, its resulting value is taken to
be 1.2×1011M⊙, i.e. 1% of the total mass of the system.
The strongest effects are expected to occur when
the velocities of the gas particles are close to the ve-
locity dispersion of dark matter. Then, in our fiducial
model, we consider that each injection of energy by the
AGN produces a gas bulk motion with an initial veloc-
ity of Vgas = 260 km/s, corresponding to the velocity
dispersion of dark matter at radius 10 − 20 h−1 kpc.
Since the escape velocity at r = 30 h−1 kpc is about
900 km/s, this ensures that the two moving parts of the
gas core are always bound to the system. Then, we let
the system evolve during 5h−1 Gyr which corresponds
to about 20 times the dynamical time of the gas core.
Figure 1 shows the DM density profile at t = 5h−1 Gyr
for an unperturbed system (Vgas = 0). The whole sys-
tem seems to be in a very stable equilibrium since the
estimated densities at different radii match well those
of the initial density profile.
To study the time evolution of the degree of cuspi-













where ρexp(ri) is the estimated density at the radius
ri < 50 h
−1 kpc compared to the theoretical value
ρtheo(ri). N represents the number of measures used for
the estimation of σ. Typically, we took N = 50 points
separated within logarithmic bins of equal width. It is
worth mentioning than for each time-step we have esti-
mated the mass center of the DM component by using
a friend-of-friends algorithm (Davis et al. 1985). The
value of the linking length is 0.05 in units of the mean
interparticle separation, corresponding to evaluating the
center of mass of the 5000 DM particles. Figure 2 shows
the evolution of our estimator σ for 6 specific amplitudes
A of the oscillations. First, when the system is at rest,
namely V = 0 and A = 0, σ is constant and close to 0
as expected. This experiment is used to check the sta-
bility of the equilibrium of our system and to estimate
the maximum numerical error. The positive values are
mostly due to the lack of resolution in the very inner
parts of the halo (ri < 0.03 rs) which can lead to un-
derestimates or overestimates of the density. For both
A = 1/10 rs and A = 1/5 rs, in spite of erratic fluctua-
tions, on average, a small increase of σ is observed. On
the contrary, for A = 1/2 rs, 3/4 rs and rs, σ increases
faster but no significant differences can been seen be-
tween the 3 scenarios.
However, two important remarks can be made.
Firstly, the strongest effects occur when A = 1/2rs
where the DM particles seem to enter into resonance.
Secondly, the value of σ oscillates with the same fre-
quency as the gas oscillations. This phenomenon can be
clearly seen for A = rs where the period of the oscilla-
tions is 0.52 h−1 Gyr. This suggests that the shape of
the inner profile continuously evolves over time through
different phases.
Next, we consider the case A = 1/2 rs. Figure 3
represents the evolution of the DM density profile at
t = 1, 2 and 4 h−1 Gyr. We notice that the DM cusp is
progressively flatten. At t = 4h−1 Gyr, the DM profile
can be decomposed into a flat central part (r < 0.1rs ∼
5h−1kpc) and a steeper outer part until it converges to
the original slope at r ∼ 0.7rs. In this case, the derived
density profile cannot be well fitted by a Burkert profile
(Burkert 1995).
Figure 4 shows the evolution of the dark matter pro-
file and the time evolution of σ when the velocity of the
gas is either small (Vgas = 50 km/s) or high (Vgas = 500
km/s) compared to the velocity dispersion of the dark
matter. In both case, an increase of σ is observed but
the effects are quite small, in good agreement with what
we expect. It is interesting to notice that for Vgas = 50
km/s, the three peaks correspond to 1, 2 and 3 oscilla-
tion periods respectively (the period of the oscillation
is about 1.4 h−1 Gyr). At these specific times, the ef-
fects on the DM profile are negligible (see the left side
of figure 4).
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Figure 2. Time evolution of the parameter σ for the model
with Vgas = 260 km/s and for 6 different amplitudes A. For
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Figure 3. DM density profile for Vgas = 260 km/s and
A = 1/2 rs plotted at three different times, t = 1 (dashed
line), t = 2 (dotted line) and t = 4h−1 Gyr. The solid line
represents the expected profile in the absence of any pertur-
bation.
4 DISCUSSION AND CONCLUSIONS
More and more observations indicate that the DM pro-
file of dwarf galaxies has a central DM core, in contra-
diction with results of numerical simulations, whereas
clusters tend to have a central cusp. In this paper, we
focus our attention on intermediate scales corresponding
in particular to massive early-type galaxies. These are
known to contain a central SMBH, whose mass scales
with the spheroid velocity dispersion. The growth phase
of this SMBH must have been nearly contemporane-
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Figure 4. Time evolution of the parameter σ for A = 1/2 rs
and for Vgas = 50 km/s (upper right panel) or Vgas = 500
km/s (lower right panel). The left panels show the respective
DM density profiles at t = 5h−1 Gyr.
came first is controversial and not known, but it is emi-
nently plausible that strong AGN activity occurs when
the bulk of the spheroid stars have formed. For exam-
ple, the epoch of activity of AGN as studied via hard
x-rays yields a comoving growth rate that peaks at the
same epoch as that of the cosmic star formation rate
at z ∼ 2. The most massive spheroids are most likely
already in place.
Using N-body equilibrium systems, we have used
a simple description of the AGN activity in which the
energy transfer generates a harmonic bulk motion on
both sides of the gas core. We then investigate the im-
pact of this mechanism on the DM core profile. For a
typical giant galaxy of total mass M ∼ 1013M⊙, we find
that particularly strong effects occur when i) the initial
velocity of the gas bulk motion is close to the velocity
dispersion of the dark matter and ii) when the ampli-
tude of the oscillations of the bulk motions extends over
half the scale radius. In this case, the DM cusp progres-
sively flattens after 4-5 Gyr but cannot be well fitted by
a Burkert profile. However, the effects obtained are not
negligible and our model can be easily improved. For ex-
ample, one could imagine that the direction and the effi-
ciency of the outbursts do not remain constant in time.
On the other hand, if we believe that ellipticals form
by major mergers, then these merger events may lead
to formation of black hole binaries. Binaries provide an
alternative DM and stellar core heating mechanism. In
this case, the combination of two AGN feedback modes
may enhance the observed effects.
Our fiducial model is not unreasonable. For in-
stance, Voit & Donahue (2005) claim that AGN out-
bursts of about 1045 erg/s, lasting for at least 107 yr and
occurring every 108 yr are required in order to explain
the inner entropy profile in cooling-flow clusters. This
equates to an energy outburst of 1059 erg, comparable
to the total kinetic energy periodically injected into the
gas core, assuming Vgas = 260 km/s. The frequency of
the AGN emission is also in good agreement with the
c© 0000 RAS, MNRAS 000, 000–000
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frequency ν of the gas motions since ν ∼ 2.6 × 108 h−1
yr (for Vgas = 260 km/s and A = 1/2 rs).
Moreover, it has been shown that the brightness
profiles I(r) of nearly all ellipticals could be well fitted
with Se´rsic I ∝1/n of index n (see for instance Caon
et al. 1993). In a recent paper, Kormendy et al. (2006)
pointed out that most giant ellipticals exhibit “miss-
ing light” at small radii with respect to the inward ex-
trapolation of the Se´rsic profile. Such observations are
believed to be the consequences of dissipative galaxy
formation mechanisms such as those involving AGN en-
ergy feedback. In particular, massive SMBH binary tidal
scouring to produce the observed mass deficit was advo-
cated by Milosavjevic and Merritt (2003). We note here
that AGN-induced gas bulk motions are equally likely,
if not more natural, as a ubiquitous accompaniment to
the gas-rich phase of massive spheroid formation. Since
stars behave as a “collisionless” fluid similar to dark
matter, one should expect that AGN activities will af-
fect not only the DM density profile but also the star
density one. In this case, the brightness in the inner part
should be altered, in good agreement with the observa-
tions of Kormendy et al. (2006).
Finally, we draw a parallel between giant galax-
ies and galaxy clusters. Indeed, Chandra observations
have revealed the presence of cold fronts in many galaxy
clusters (see for instance Markevitch et al. 2000, 2002;
Vikhlinin et al. 2001; Mazotta et al. 2001). These cold
fronts are supposed to be due to the presence of a dense,
cold gas cloud moving with respect to a hotter one.
Some observations suggest that such cold clouds have
“sloshing” motions around the center of the cluster, be-
lieved to be the consequences of either a recent major
merger event or feedback processes from a central AGN.
In fact, our model cannot be applied on such scales. In-
deed, for a typical galaxy cluster of 1015 h−1M⊙, the ve-
locity dispersion of DM in the central part is more than
1000 km/s. Then to obtain similar effects to our giant
galaxy model, about 103 times more energy is required.
It seems unrealistic that one or even a few AGNs lo-
cated near the center of the cluster can provide such an
amount of energy and induce gas bulk motions in a co-
herent way. However for massive galaxies, the situation
is quite different. Not only are the energetics favourable,
but the bipolar nature of the AGN outburst must in-
evitably exert dynamical feedback during the gas-rich
phase of spheroid formation.
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